INTRODUCTION
============

Chemical substances that are designed to kill organisms, especially microorganisms, are generally considered as biocides. Biocides are commonly used in medicine and agriculture. However, they also serve many other purposes. The European Union controls biocides by classifying them into 22 product types, with several comprising multiple subgroups: \[1\] Group 1 Disinfectants (type 1, human hygiene; type 2, disinfectants and algaecides not intended for direct application to humans or animals; type 3, veterinary hygiene; type 4, food and feed area; type 5, drinking water), \[2\] Group 2 Preservatives (type 6, preservatives for products during storage; type 7, film preservatives; type 8, wood preservatives; type 9, fiber, leather, rubber, and polymerized materials preservatives; type 10, construction material preservatives; type 11, preservatives for liquid-cooling and processing systems; type 12, slimicides; type 13, working or cutting fluid preservatives), \[3\] Group 3 Pest control (type 14, rodenticides; type 15, avicides; type 16, molluscicides, vermicides, and products to control other invertebrates; type 17, piscicides; type 18, insecticides, acaricides, and products to control other arthropods; type 19, repellents and attractants; type 20, control of other vertebrates), and \[4\] Group 4 Other biocidal products (type 21, antifouling products; type 22, embalming and taxidermist fluids) [@B001]. The United States Environmental Protection Agency classifies antimicrobial pesticides into 12 categories by their usage patterns: \[1\] agricultural premises and equipment; \[2\] food handling/storage establishments, premises, and equipment; \[3\] commercial, institutional, and industrial premises and equipment; \[4\] residential and public access premises; \[5\] medical premises and equipment; \[6\] human drinking water systems; \[7\] materials preservatives; \[8\] industrial processes and water systems; \[9\] antifouling coatings; \[10\] wood preservatives; \[11\] swimming pools; and \[12\] aquatic areas [@B002].

There is a high possibility of exposure to biocides through inhalation according to their usage pattern. However, the importance of inhalation toxicity for low vapor pressure and nonvolatile biocides, such as didecyldimethylammonium chloride (DDAC) has been underestimated until reports of the deaths of pregnant women and infants due to biocides added to humidifiers were reported. In Korea, numerous cases of interstitial lung disease in children every spring beginning in 2006 had been reported and it was suggested that humidifier disinfectants caused the lung disease [@B003],[@B004]. Seventy-eight people, including 36 infants or toddlers, died in situations where additive biocides such as polyhexamethylene guanidine (PHMG), oligo(2-)ethoxy ethoxyethyl guanidine chloride (PGH), and 5-chloro-2-methyl-4-isothiazolin-3-one (CMIT) were the cause [@B005].

DDAC is a typical quaternary ammonium biocide. It is used for indoor and outdoor hard surfaces, eating utensils, laundry, carpets, swimming pools, decorative ponds, re-circulating cooling water systems, etc. Inhalation exposure to DDAC is also estimated to be relatively low for various occupational handlers such as in agricultural premises and equipment, food handling/storage premises and equipment, and commercial, institutional and industrial premises and equipment. It is added directly to water to suppress microorganisms; the application rate of DDAC varies according to its usage, i.e., approximately 2 ppm for swimming pools, compared with 2,400 ppm for hospitals, health care facilities, and athletic/recreational facilities. DDAC is classified into acute oral toxicity category 3 (LD~50~, 238 mg/kg) according to the Globally Harmonized System of Classification and Labeling of Chemicals (GHS). DDAC is also classified as highly irritating to the eye and skin. The no observed adverse effect level (NOAEL) for DDAC was suggested to be 10 mg/kg/day according to the results of a chronic dietary toxicity study in dogs, or 45.5 mg/kg/day according to a sub-chronic oral feed toxicity study in Sprague Dawley (SD) rats. However, inhalation toxicity data for DDAC is rare, similar to other nonvolatile biocides. No repeated-inhalation toxicity studies have been reported, although the acute inhalation toxicity of DDAC is relatively high; DDAC is classified into category 2 (LC~50~, 0.07 mg/L) according to the GHS [@B006],[@B007]. Only Ohnuma *et al*. have instilled DDAC to mice and confirmed that 1,500 μg/kg of DDAC caused pulmonary inflammation and fibrosis [@B008]. However, repeated-inhalation toxicity data is also necessary to conduct a more detailed risk assessment for workplace safety. Therefore, we exposed SD male rats to DDAC aerosols for 2 wk and investigated its toxicity.

MATERIALS AND METHODS
=====================

***Animals.*** Five-wk-old male specific pathogen-free SD rats were obtained from Central Lab Animal Inc. (Seoul, Korea). Rats were exposed to DDAC after a 2-wk acclimation period. During the experimental period, the rats were housed in a room with controlled temperature (23 ± 2℃), humidity (50 ± 10%), and a 12-hr light/dark cycle. Rats were fed with filtered water and a rodent diet (LabDiet 5053, PMI Nutrition, St. Louis, MO, USA) *ad libitum*. General clinical symptoms, such as eye, skin, respiration, and pattern of movement were observed during the DDAC exposure period. This study was approved by animal ethics committee to ensure appropriate animal care for research.

***Generation of DDAC aerosol and exposure to SD male rats.*** DDAC was purchased from Shin won Chemtrade Co. Ltd. (China). Aerosols of DDAC were generated using mist-generating equipment (VG-4R, Sibata Co. Ltd., Japan) in a whole-body exposure system (SIS-20RG, Sibata Co. Ltd., Japan). The system consisted of 4 chambers: one for the normal control group and 3 for the exposure groups. DDAC aerosols were generated by supplying air at a flow rate of 10\~13 liters per min. The particle size distribution of DDAC was measured using a 9-stage Anderson sampler (Sibata Impactor 200913, Japan). Aerosols in the chamber were collected for 10 min at 28.3 liters per min around the respiratory site of experimental animals and the sample filter (800 mm, Pallflex, Japan) was measured in a microbalance (Kern 770, Germany). DDAC aerosols in the chamber were sampled using a XAD-2 resin tube (8 × 110 mm, 200/400 mg XAD-2, SKC, PA, USA) and measured using ion chromatography (Dionex AS50, CA, USA). The analytical condition was 30 mM sulfuric acid (\> 95%, Aldrich, MO, USA) and acetonitrile (J.T. Baker, Pennsylvania, USA) (3 : 7) with an IonPac AS7 column [@B009].

***Bronchoalveolar lavage.*** Rats were anesthetized with isoflurane (Ilsung Pharmaceuticals Co., Seoul, Korea) and blood was collected from the abdominal aorta. Subsequently, the tracheae were cannulated and the lungs were lavaged 5 times with 3 ml of calcium- and magnesium-free phosphate-buffered saline (PBS, pH 7.4). The lavaged fluids were centrifuged at 1,500 rpm for 10 min (Hanil Union 32R, Incheon, Korea). The supernatants were stored at −80℃ for a later protein and lactate dehydrogenase (LDH) assay. The numbers of precipitated cells were counted with a Coulter Counter (Drew Science, Hemarvet 850, Miami Lakes, FL, USA) and the cells were then centrifuged with a Cyto centrifuge (Hanil Cellspin, Incheon, Korea). Centrifuged cells were stained in a Diff-Quick staining solution (Sysmex, Kobe, Japan) and differential counts of macrophages, lymphocytes, and polymorphonuclear leukocytes (PMNs) were performed by counting approximately 300 cells under a microscope at 100x magnification. The LDH and albumin in the lavage fluid were measured using a biochemistry analyzer (Toshiba TBA 20FR, Tokyo, Japan).

***Hematology and blood biochemistry.*** Blood samples were collected from the abdominal aorta in blood-collecting tubes containing the anti-coagulant ethylenediaminetetraacetic acid (EDTA). Total white blood cells, neutrophiles, lymphocytes, monocytes, eosinophils, and basophils were counted using a veterinary multi-species hematology instrument (Drew Science, Hemavet 850, CT, USA). Total protein, blood urea nitrogen, creatinine, glucose, total bilirubin, total cholesterol, glutamic oxalacetic transaminase, gamma glutamyl transpeptidase, glutamic pyruvic transaminase, alkaline phosphatase, lactate dehydrogenase, and albumin were measured using a biochemical analyzer (Toshiba TBA-20FR, Japan).

***Histopathology.*** The lungs were fixed in a 10% formalin solution containing neutral PBS and embedded in paraffin. After staining with hematoxylin and eosin, lung samples were examined by light microscopy at 400x magnification.

***Statistical analysis.*** Results were presented as mean ± standard deviation. Data were analyzed by analysis of variance (ANOVA) followed by post-hoc analysis based on the t-test or Mann-Whitney rank sum test to determine the differences between the compared groups. Statistical analyses were performed using SigmaPlot 12 (Systat Software Inc., San Jose, CA, USA). Differences were considered significant when the p-value was \< 0.05.

RESULTS
=======

DDAC aerosols were generated appropriately according to the OECD guides for inhalation toxicity. Namely, the mass median aerodynamic diameter was 1.86 μg/ml and the geometric standard deviation was 2.75 at 2.19 mg/m^3^ ([Fig. 1](#F0001){ref-type="fig"}). During the exposure period, the concentration of DDAC was adjusted to the target concentration; the concentrations for the low, medium, and high groups were 0.15 ± 0.15, 0.58 ± 0.40, 3.63 ± 1.56, respectively ([Table 1](#T0001){ref-type="table"}).

![Particle size distribution of didecyldimethylammonium chloride (DDAC) aerosols in a whole-body exposure inhalation chamber.](toxicr-30-205-g0001){#F0001}

###### Concentrations of didecyldimethylammonium chloride (DDAC) aerosols in the whole-body inhalation chambers during a 2-wk exposure period

  ---------------- --------- ------------- ------------- -------------
  Method           Control   Low           Medium        High
                                                         
  Concentrations   ND        0.15 ± 0.15   0.58 ± 0.40   3.63 ± 1.56
  ---------------- --------- ------------- ------------- -------------

Values presented as mean ± standard deviation.

Influence on body weight gain was the most prominent effect of DDAC on the rats. Body weight gain was significantly decreased by exposure to the high concentration (3.6 mg/m^3^) of DDAC; a decrease of 2.6 g was observed in the high group after the first 3 days, whereas the normal control, low, and medium groups experienced 25.8 g, 23.3 g, 20.4 g increases, respectively. Body weight gains were recovered over the next 4 days in the low and medium groups. However, the body weight gain of the high group was not recovered until the end of the DDAC exposure period; the body weight gain of the high concentration exposure group was only 48.5% of that of normal control group ([Fig. 2](#F0002){ref-type="fig"}).

![Body weight changes of didecyldimethylammonium chloride (DDAC) exposed rats. \*, *p* \< 0.05 vs control.](toxicr-30-205-g0002){#F0002}

Compared to the body weight, there were no changes in hematological and blood biochemistry parameters ([Table 2](#T0002){ref-type="table"} and [Table 3](#T0003){ref-type="table"}). Only mild effects were observed in the BAL cell differentiation counts and cytotoxicity parameters from BAL fluid. Namely, the PMNs of the medium and high group were mildly higher than those of the normal control group ([Table 4](#T0004){ref-type="table"}), and the albumin concentration in the BAL fluid of the high concentration exposure group was significantly higher than that of the normal control group ([Table 5](#T0005){ref-type="table"}).

###### Effects of didecyldimethylammonium chloride (DDAC) on blood hematology

  ----------- ------------- ------------- ------------- -------------
  Parameter   Control       Low           Medium        High
                                                        
  WBC         4.92 ± 0.50   5.53 ± 0.51   6.05 ± 0.92   5.43 ± 0.84
  NE          1.60 ± 0.21   1.68 ± 0.30   1.98 ± 0.44   1.93 ± 0.42
  LY          1.50 ± 0.48   1.48 ± 0.30   1.73 ± 0.46   1.20 ± 0.37
  MO          1.07 ± 0.04   1.36 ± 0.30   1.37 ± 0.30   1.14 ± 0.29
  EO          0.74 ± 0.54   1.00 ± 0.23   0.96 ± 0.38   1.13 ± 0.25
  BA          0.01 ± 0.01   0.02 ± 0.02   0.02 ± 0.01   0.03 ± 0.02
  ----------- ------------- ------------- ------------- -------------

Values presented as mean ± standard deviation.

WBC, White blood cell; NE, Neutrophil; LY, Lymphocyte; MO, Monocyte; EO, Eosinophil; BA, Basophil.

###### Effects of didecyldimethylammonium chloride (DDAC) on blood biochemistry

  --------------- ------------------- ------------------- ------------------- -------------------
  Organ           Control             Low                 Medium              High
                                                                              
  TP (mg/dl)        5.85 ± 2.47         6.16 ± 2.65         6.12 ± 2.60         6.22 ± 2.61
  ALB (mg/dl)       3.72 ± 1.59         3.92 ± 1.68         3.88 ± 1.65         3.92 ± 1.65
  BUN (mg/dl)     16.62 ± 6.65        17.21 ± 7.09        16.29 ± 6.58        15.10 ± 5.96
  CRTN (mg/dl)      0.63 ± 0.25         0.64 ± 0.26         0.62 ± 0.26         2.11 ± 2.30
  T-BIL (mg/dl)     0.09 ± 0.04         0.09 ± 0.04         0.09 ± 0.04         0.09 ± 0.04
  ALT (IU/L)        56.91 ± 22.70       73.37 ± 29.56       64.24 ± 26.23       80.46 ± 32.24
  AST (IU/L)      111.65 ± 43.64      160.54 ± 62.97      129.34 ± 50.18      156.78 ± 66.46
  LDH (IU/L)      2119.0 ± 823.2      2147.3 ± 836.6      2332.0 ± 931.4      2280.1 ± 887.1
  ALP (IU/L)        667.72 ± 259.12     662.59 ± 260.43     674.15 ± 264.67     576.45 ± 224.78
  GLU (mg/L)      122.02 ± 49.25      131.94 ± 52.43      126.22 ± 49.12      144.17 ± 56.45
  T-CHO (mg/dl)     46.87 ± 19.16       56.26 ± 22.02       58.35 ± 22.71       59.84 ± 23.24
  --------------- ------------------- ------------------- ------------------- -------------------

Values presented as mean ± standard deviation (n = 5). TP, Total protein; ALB, albumin; BUN, blood urea nitrogen; CRTN, creatinine; T-BIL, total bilirubin; ALT, alanine aminotransferase; AST, aspartate transaminase; LDH, lactate dehydrogenase; ALB, albumin; ALP, alkaline phosphatase; GLU, glucose; T-CHO, total cholesterol.

###### Differential counts of bronchoalveolar lavage cells

  ------------ --------------- --------------- ------------------- ---------------
  Cells        Control         Low             Medium              High
                                                                   
  Total cell   1.272 ± 1.135   1.272 ± 0.714   2.152 ± 1.195       1.254 ± 0.803
  Macrophage   1.196 ± 1.058   1.166 ± 0.647   1.884 ± 1.104       1.057 ± 0.660
  Lymphocyte   0.069 ± 0.077   0.089 ± 0.102   0.158 ± 0.235       0.094 ± 0.134
  PMN          0.008 ± 0.004   0.017 ± 0.013     0.110 ± 0.079\*   0.104 ± 0.131
  ------------ --------------- --------------- ------------------- ---------------

Values presented as mean ± SD (n = 5). \*, *p*\<0.05 vs control.

###### Effects of didecyldimethylammonium chloride (DDAC) on cell damage indicator proteins in bronchoalveolar lavage fluid

  ------------- --------------- --------------- ------------- -----------------
                Control         Low             Medium        High
                                                              
  ALB (mg/dl)     1.44 ± 0.17     1.62 ± 0.15   1.68 ± 0.31     1.94 ± 0.33\*
  LDH (IU/L)    12.16 ± 4.27    10.27 ± 5.37    8.61 ± 8.43   13.84 ± 10.27
  ------------- --------------- --------------- ------------- -----------------

Values presented as mean ± standard deviation (n = 5). \*, *p* \< 0.05 vs control.

The lung weights of the DDAC-exposed group were not changed compared to the normal control group (data not shown). Histopathological findings showed migration of inflammatory cells, elimination of epithelial cells, and focal thickening of the alveolar wall caused by infiltration and proliferation in most of the lungs of DDAC-exposed rats. Furthermore, inflammatory cell infiltration and interstitial pneumonia were partially observed in the medium and high groups. However, fibrosis was not induced by DDAC exposure, although fibroblasts were found in some of the lungs of DDAC-exposed rats ([Fig. 3](#F0003){ref-type="fig"}).

![Histopathology of the lungs exposed to didecyldimethylammonium chloride (DDAC). (A) control; (B) low group; (C) medium group; (D) high group. Arrows indicate migration of inflammatory cells, elimination of epithelial cells, and focal thickening of the alveolar wall by infiltration and proliferation.](toxicr-30-205-g0003){#F0003}

DISCUSSION
==========

DDAC is a broad-spectrum bactericidal and fungicidal biocide that is recommended for use in hospitals, hotels, and industry and it is frequently used in gynecology, surgery, ophthalmology, and pediatrics, and for the sterilization of surgical instruments and endoscopes, and for surface disinfection. Generally, the respiratory system is not exposed much to quaternary ammoniums like DDAC because their vapor pressure is relatively low. However, DDAC could be inhaled quite a lot if it is added to the water for humidifiers for the home. The background to this study was an accident where certain biocides were inhaled through the respiratory system and caused severe lung damage to pregnant women and infants in Korea [@B005]. In Korea, many homes use humidifiers during the winter season. Most humidifiers for the home have adopted an ultrasonic method. The disadvantage of the ultrasonic method is that microorganisms in the water could be spread in vaporized water if humidifiers are not cleaned frequently. Unfortunately, attempts were made to use certain biocides to disinfect the water in humidifiers without proper hazard and risk assessment. Additionally, some biocidal products for humidifiers were regarded as harmless or nontoxic without proper inhalation toxicology data. The results were fatal; 78 people, including 36 infants or toddlers, died because of biocides. The main ingredients of the humidifier disinfectants were PHMG, PGH, and CMIT [@B005]. These materials were selected as additives for humidifier disinfection because they have relatively low dermal toxicity compared to other biocides. As shown in the case of humidifier additives, biocides could be found everywhere around everyday necessities. However, there is little information on the inhalation toxicity of biocides. Therefore, the purpose of this study was to provide repeated-inhalation toxicity data, in order to provide a more detailed hazard and/or risk assessment.

In Korea, quaternary ammoniums, triazines, and isothiazols have been used as a preservative or disinfectant for cooling water. Among them, approximately 20 tons of DDAC, a quaternary ammonium, is used in the 17 workplaces annually in Korea [@B010] and more than 100 tons of it is used annually in the European Union [@B011]. Therefore, we selected DDAC as an experimental material to perform a repeatedinhalation toxicity study of biocides.

Weak inflammation was observed in rats instilled 150 μg/kg of DDAC and severe congestive lung edema occurred in those instilled 1,500 μg/kg of DDAC [@B008]. A dose 1,500 μg/kg, found by Ohmura to cause severe congestive lung edema in mice, was considered the highest concentration when determining concentrations for this repeated-inhalation toxicity study. The equivalent concentration for the instilled dose of 1,500 μg/kg was calculated to be inhaled 3.6 mg/m^3^; the respiratory volume per day for mice was considered 0.05 m^3^/day and body weight was considered 0.03 kg to calculate the equivalent concentration. The medium and low concentrations were determined to be 0.6 mg/m^3^ and 0.15 mg/m^3^, respectively.

The mass median aerodynamic diameter of the DDAC aerosol at 2.19 mg/m^3^ was 1.86 μm and the geometric standard deviation was 2.75. These values are within the proper range that the OECD recommends; the OECD recommended size of aerosols for inhalation toxicity is from 1 to 4 μm and the geometric standard deviation from 1.5 to 3.0.

The effects of DDAC on body weight changes were obvious whereas those on other measures were not clear. There were no significant differences in the blood hematological changes or blood biochemistry. Only mild effects were observed on the inflammatory responses in the BAL cell differentiation count and cell damage indicators, i.e., the number of PMNs in the medium and high groups were mildly higher than that in the normal control group, and the concentrations of albumin were significantly higher. Lung histopathological findings showed migration of inflammatory cells and thickening of alveolar walls in the medium and high groups. However, the severity of these was much milder compared to those in Ohnuma's report. Ohnuma observed fibrosis in the lungs of mice instilled with 1,500 μg/kg of DDAC, the equivalent inhalation concentration to 3.6 mg/m^3^ [@B008]. It seems that the effects of DDAC on experimental animals are influenced by the exposure pattern because DDAC is exposed rapidly at the high concentration with a one-time instillation, whereas it is exposed slowly and repeatedly at the low concentration by inhalation. Increased effects on BAL cell differentiation, cytokines, and cell damage indicate that proteins recovered to a normal range by 13 days after 150 μg/kg of DDAC instillation in Ohnuma's experiment and these results may also explain the mild increase of PMNs and albumins in the BAL fluid in this study. It seemed that the effect on the body weight change was mainly due to decreased food consumption; in our other experiment, decreased food consumption was found in rats decreased body weight (data not shown).

In determining the exposure concentrations, we considered that no lethal effects were found at the highest concentration. Therefore, we determined the highest concentration to be 3.6 mg/m^3^. This concentration is 20 times lower than the acute LC~50~ in rats and we expected no lethal effect would be caused at this concentration. Body weights in the high group decreased 2.56 g during the first 3 days, whereas they were increased 25.8 g in the normal control group; we, therefore, considered the concentration for the high group was appropriate. In conclusion, the main targets were lung and body weight following 2-wk repeated-inhalation exposure to DDAC, and the NOAEL for DDAC should be considered as 0.15 mg/m^3^. We also suggest further study should be performed examining DDAC exposure by inhalation for longer because people could be exposed to many biocides over a sustained period.
